Abstract. Radiomic features characterize tumor imaging phenotype. Nonsmall cell lung cancer (NSCLC) tumors are known for their complexity in shape and wide range in density. We explored the effects of variable tumor contouring on the prediction of epidermal growth factor receptor (EGFR) mutation status by radiomics in NSCLC patients treated with a targeted therapy (Gefitinib). Forty-six early stage NSCLC patients (EGFR mutant:wildtype = 20:26) were included. Three experienced radiologists independently delineated the tumors using a semiautomated segmentation software on a noncontrast-enhanced baseline and three-week post-therapy CT scan images that were reconstructed using 1.25-mm slice thickness and lung kernel. Eighty-nine radiomic features were computed on both scans and their changes (radiomic delta-features) were calculated. The highest area under the curves (AUCs) were 0.87, 0.85, and 0.80 for the three radiologists and the number of significant features (AUC > 0.8) was 3, 5, and 0, respectively. The AUCs of a single feature significantly varied among radiologists (e.g., 0.88, 0.75, and 0.73 for run-length primitive length uniformity). We conclude that a three-week change in tumor imaging phenotype allows identifying the EGFR mutational status of NSCLC. However, interobserver variability in tumor contouring translates into a significant variability in radiomic metrics accuracy.
Introduction
Lung cancer is the leading cause of cancer death in the USA and worldwide for men and women. 1 Nonsmall cell lung carcinoma (NSCLC) accounts for ∼85% of cases. One mechanism of the tumorigenesis of NSCLC is the appearance of somatic mutations of the epidermal growth factor receptor (EGFR) gene that is overexpressed in NSCLC tissue as compared to the adjacent normal lung tissue. 2 When ligands bind to the EGFR tyrosine kinase receptor, the molecule is phosphorylated and activates a downstream signaling pathway that promotes NSCLC growth. Patients with NSCLC harboring a mutation in the EGFR tyrosine kinase receptor benefit from a personalized treatment strategy by EGFR tyrosine kinase inhibitors such as Gefitinib.
A mutation in the EGFR gene is a strong predictor of a prolonged progression-free survival with Gefitinib and is associated with a high response rate according to RECIST [3] [4] [5] [6] and an even higher rate of symptomatic improvement. 7, 8 However, EGFR mutational status only partially predicts sensitivity to Gefitinib 9, 10 and the identification of early predictors of response remains an area of active investigation. Independent prognostic factors associated with improved survival have been highlighted, such as female gender, never-smokers, good performance status, and adenocarcinoma histology. 7, 8, 11 The literature suggested that precision medicine guided by radiomics, which extracts imaging features for characterizing the imaging phenotype of NSCLC, could improve the management of NSCLC patients. Test-retest and correlation analyses have indeed identified nonredundant computed tomography (CT) image features, which are minimally changed after a short-interval repeat scan, have high intrapatient reproducibility and interpatient biological range. 12 Promising results have suggested that imaging features are associated with lung cancer histology, 13 prognosis, 12, 14 EGFR-mutation status, 15 distant metastasis risk, 16 pathologic gross residual disease, 17 disease-free survival, 18 and cancer recurrence risk. 19 However, a major drawback in the implementation of radiomics is that the extraction of imaging features is dependent on delineated tumor volume: the difficulties posed by volumetric measurements are significant. The first issue is that the manual contouring of a lesion throughout its entire volume is a timeconsuming procedure for the radiologists. While automated systems are developed for computer-driven contouring of lesions, consistently accurate contours still require trained human input. The second problem is the possible amplification of interradiologist variability that comes from delineating the entire circumference of a tumor over each slice of a CT scan. Finally, the greatest problem is that observers vary in their judgment of the optimal part of the tumor to include (notably in ground glass opacities and atelectasis), which could make for arbitrary unidimensional measurements that have a profound effect on extraction of advanced imaging features derived from the tumor volumes.
Since EGFR-sensitizing mutations have been validated as highly predictive of improved progression-free survival on Gefitinib, we used a model studying the differential response of EGFR mutant and wild-type tumors to Gefitinib therapy. We hypothesized that advanced quantitative imaging features could be utilized as biomarkers to distinguish EGFR-resistant tumors from those harboring EGFR-sensitizing mutations. Therefore, imaging features could play a role in selecting patients who will potentially benefit from Gefitinib while identifying others who should be spared the toxicity. The aim of this study was to better understand the effect of interobserver variability of tumor-contouring on the quantification of changes in tumor imaging phenotype by radiomic analysis. To this end, we evaluated the diagnostic accuracy of imaging features extracted from NSCLC tumors by three different radiologists on predicting EGFR mutational status according to the change in imaging features between baseline and three weeks after Gefitinib treatment initiation.
Materials and Methods

Patient Clinical and Imaging Data
Patients' imaging and mutation status information were retrieved from a completed phase II trial correlating early radiographic response induced by Gefitinib with mutations in the protein-tyrosine kinase domain of the EGFR gene in patients with NSCLC.
14 It was an institutional review board approved study conducted between July 2004 and March 2008. Fifty patients had stage I or II NSCLC and were deemed operable and resectable. Patients received Gefitinib daily for three weeks before surgery and discontinued it two days before their operations. At the time of resection, tumor tissue was snap frozen in liquid nitrogen and stored in a −80°C freezer. Representative areas of these specimens were pathologically reviewed to confirm the diagnosis and presence of tumor. Genomic DNA was analyzed for the most common EGFR-sensitizing mutations using previously described PCR-based methods. [16] [17] [18] Noncontrast-enhanced diagnostic chest CT imaging scans were performed within two weeks before starting Gefitinib (baseline scan) and after Gefitinib but before surgery (threeweek follow-up scan), using the same imaging acquisition technique. High-resolution images with 1.25-mm slice thickness and a lung reconstruction kernel were collected per our volumetric imaging protocol. Four patients were excluded from this radiomic analysis either because 1.25-mm slice thickness or lung reconstruction were not done, leaving 46 patients (EGFR mutant:wildtype = 20:26) qualified for our analysis.
Tumor Segmentation
Tumor segmentation was performed using an imaging platform that we built based on an open source software, Weasis. 20, 21 Our semiautomated lung lesion segmentation algorithm and contour editing tool were integrated into this system. 22 Three radiologists (R1, R2, and R3), with CT reading experiences of 23, 15, and 8 years respectively, used the image platform to independently delineate the tumors at baseline and three-week follow-up scans. Computer-generated tumor contours were then overlapped on the original baseline and follow-up images, sideby-side, for radiologist's review. If any contours were deemed suboptimal, radiologists were allowed to correct the contours using the editing tool.
Feature Extraction
For each segmented tumor on both baseline and follow-up scans, 89 well-defined radiomic features were extracted. 23 These features were developed to characterize tumor size (e.g., volume), shape (e.g., compactness factor), margin (e.g., Sigmoid function), low-order density statistics (e.g., histogram-derived standard deviation), and density texture distributions (e.g., gray level co-occurrence matrix, GLCM). Some features were computed in three dimensions (3-D) and some in two dimensions (2-D). The 2-D features were calculated on the automatically determined axial image where the lesion had the maximal diameter. More details on the definition and computation of 89 features can be found in supplemental materials in Zhao's publication. 23 Delta-features, the differences between baseline and follow-up features, were then calculated.
Reproducibility Test
To qualify as an imaging biomarker, a radiomic feature must be reproducible. The reproducibility of the 89 radiomic features was explored using a publicly available data set: the reference image database to evaluate therapy response (RIDER). 24 Briefly, the same-day repeat CT data set consisted of 32 lung cancer patients who underwent two repeat CT scans within 15 min, using the same imaging protocol (noncontrast-enhanced, 1.25-mm slice thickness, and lung reconstruction kernel). Each feature was calculated on both of the scan images and reproducibility was assessed by the concordance correlation coefficient (CCC) method as reported in Ref. 23 . If either its baseline or follow-up feature was of CCCs < 0.85 on the RIDER data set, it would be regarded as a nonreproducible feature and excluded from the delta-feature set.
Redundancy Test
We used a clustering approach 25 to identify nonredundant features. First, we defined redundant feature subgroups within the delta-feature set. Features with correlation of Spearman's rho correlation coefficient greater than 0.5 were regarded as highly correlated features and gathered into one redundant feature subgroup. Second, we selected the delta-feature with the highest area under the curve (AUC) for predicting EGFR mutation as the representative feature for each redundant feature subgroup. Third, in each redundant feature subgroup, we only used the representative feature for analysis, excluding the other features within the same group.
Statistical Analysis
The AUC of the receiver operator characteristic was computed to assess the power of delta-features for predicting the EGFR mutational status of patients. 95% confidence interval of AUC was computed as well to indicate the stability of the predictions.
Results
Reproducibility and Nonredundancy
Using the CCC reproducibility cut-off value of 0.85 and the redundancy cut-off value of 0.5, 24, 19, and 20 out of the 89 features were deemed to be reproducible and nonredundant for radiologists 1, 2, and 3's measurements and used for further analysis (see Table 1 ). Figure 1 shows an example of two tumors contoured by the three radiologists on baseline and follow-up scan images. The corresponding performances for the prediction of EGFR status are presented in Table 1 . We can see that the mutation prediction performances varied due to different tumor contours drawn by the three radiologists. The highest AUCs of the three radiologists were 0.87, 0.85, and 0.80, respectively. We call a feature Delta-shape_SI2 0.57
Variability in the Prediction Performances of the EGFR Status
Note: All P-values were significant and the 95% confidence interval of the AUCs ranged from 0.015 to 0.025. Table 1 ).
Top Three Imaging Features
For R1, the "volume" was the best feature and was the only significant feature. For R2, in addition to the "volume," "intensity_ mean" and "intensity_skewness" were also significant features. In contrast to R1, the best feature for R2 was "intensity_mean," a surrogate marker of tumor intensity (density). For R3, there was no significant feature and the best feature was "compact_ factor," a feature characterizing tumor shape. Overall, the top three imaging features for the prediction of EGFR mutational status in radiologists R1, R2, and R3 were delta-volume (AUC ¼ 0.87, 0.81, and 0.73), delta-intensity mean (AUC ¼ 0.67, 0.82, and 0.74), and delta-compact factor (AUC ¼ 0.75, 0.78, and 0.79). The group of NSCLC tumors with a mutation in EGFR tended to have a significant decrease in their volume, their compact factor, and intensity mean (P < 10 −3 ).
Bias Among Observers
The Bland-Altman plots and box plots in Figs. 2-4 show that there is a systematic measurement bias between radiologists 1, 2, and 3 at baseline and follow-up for the estimation of the top three imaging features. However, there is no significant bias using delta-feature since the bias is the same at baseline and follow-up. As a result, 85 out of the 89 delta features have no significant bias (p < 0.05).
Discussion
In this study, we evaluated the early three-week changes in tumor imaging phenotype on CT scan in NSCLC patients treated with Gefitinib. Patients were divided into two groups according to a tissue biomarker extracted from surgical specimen: EGFR-mutant (n ¼ 20) versus EGFR-wildtype (n ¼ 26).
We tested the accuracy of imaging features to distinguish between tumors with and without sensitizing mutations. Strikingly, we observed that early changes in imaging features allowed differentiating NSCLC according to their mutational status. Indeed, EGFR-mutant had a significant early decrease in tumor volume, tumor mean intensity (density of tumor tissue), and tumor compactness (a shape feature) after treatment initiation. Targeting a single molecular pathway is thus responsible for changes in tumor cell biology that translates into early three-week changes in imaging phenotype that could be used as a tool for early dichotomizing sensitive and resistant tumors. Interestingly, we also demonstrated the significant effect of interobserver variability of tumor contouring with a significant bias among observers: radiologist's interpretation of tumor boundary did influence the performance of EGFR mutation prediction, the AUC values.
The first important finding of this study is that there is a trend of interobserver variability in tumor contouring: trained radiologists tend to focus on the solid component of a tumor as opposed to the ground glass opacity (GGO) component. However, we will validate this finding by asking more radiologists to perform this task again for our future study. Indeed, the estimation of imaging features was associated with the experience of the radiologist. An increased experience of the radiologist (R1 > R2 > R3) was associated with a smaller tumor volume (R1 < R2 < R3) and a higher tumor mean intensity (R1 > R2 > R3). Consequently, these results suggest that the most experienced radiologist (R1) tends to restrict the contouring to the dense solid component of the tumor, whereas less experienced radiologists (R2 and R3) tend to include the less dense GGO component of the tumor. As a result, in the tumors with a mixed component and important part of GGO (the tumors with the lowest average mean intensity), the interobserver difference is higher than in the tumor with mostly solid component. These results support the hypothesis that the GGO component plays a key role in the interobserver variability of contouring and that the radiomic output is dependent on the radiologists. Consequently, our findings may provide valuable insight into the proper delineation of tumors for further radiomic studies in lung cancer.
There has been little research to address the issue of interobserver variability in tumor contouring and thus in the measurement of quantitative imaging biomarkers in a clinical setting. We demonstrated that this significant interobserver variability in tumor contouring translated into significant differences in the accuracy of radiomic prediction of EGFR mutational status in NSCLC. We believe that with the rapid growth of the field of radiogenomics, our findings are valuable because they increase awareness of interobserver variations in the performance of radiomic features.
Despite the interobserver variability, we identified three delta-features that seemed robustly associated with EGFR mutational status in NSCLC treated with Gefitinib: delta-volume, delta-compact factor, and delta-intensity mean. Remarkably, we demonstrated that delta-tumor volume is the best predictor of tumor EGFR status and was not outperformed by other imaging features. This is explained by the fact that EGFR targeted molecular therapy is more efficient in the EGFR-mutant subpopulation of patients, leading to a greater tumor shrinkage. In addition, we demonstrated that the estimation of tumor volume is biased: senior radiologists tend to significantly delineate a smaller volume than junior radiologists (P < 0.05) that included less GGO (as demonstrated by the fact that the mean intensity tended to be higher in the senior radiologists). The assumed explanation is that trained radiologists tend to prefer the contouring of the most dominated part of the tumor: the solid portion. This illustrates the difficulty of a robust delineation of tumor contours in NSCLC, since GGO is a nonspecific imaging feature that might not be with certainty attributed to a tumor process. This point is important to consider for the implementation of radiomics features or volumetric measures in clinical routine: in the case of manual delineation of tumor contours, the baseline and follow-up exams should be performed by the same observer. Additionally, it further demonstrates that volumetric tumor measurement is the best biomarker and the use of volume-based response assessment for the development of tissue biomarkers could reduce contamination between sensitive and resistant tumor populations. 26 More importantly, volume measurement captures the change of the entire volume and is reproducible: the variability on same-day repeat CT scans in NSCLC is low (95% CI: −12.1% to þ13.4%).
27
Delta-compact factor appeared to be a good predictor of EGFR status after the initiation of Gefitinib for all three radiologists (AUC ¼ 0.75, 0.78, and 0.79, p ¼ 0.02). Compact factor quantifies the compactness of a tumor in 3-D and is a function of the tumor volume and its surface. A tumor is considered compact if it is a sphere, and its compactness has the highest value compared to other shapes. Notably, we showed that EGFR-mutant NSCLC tumors have a significant decrease in tumor volume as well as in compactness: response in tumor was associated with a less compact shape. Our hypothesis is that Gefitinib is an inhibitor of the EGFR tyrosine kinase that induces retractile remodeling (hypothetically fibrotic process) in EGFR-mutant NSCLC. Indeed, a decrease in compact factor was observed in all patients and compact factor was not highly correlated and redundant with the tumor volume.
We believe that our findings could have a major impact on the application of radiomics in patients with NSCLC. Indeed, CT scans guide decision-making throughout the course of NSCLC disease, including the screening, 28-30 characterization of lung nodules, 31 TNM staging, biopsy guiding, radiation treatment planning, and response assessment.
Finally, the accuracy of these radiomic features is an important point to consider since they outperformed the current Fig. 2 (a) -(c) Measurement of the volume (baseline, follow-up, and delta) by three radiologists. We see a significant bias among radiologists: R1 tended to draw a smaller volume than R2 and R3. However, the delta volume was not significantly different since the same bias was observed at baseline and follow-up.
Journal of Medical Imaging 011005-5 Jan-Mar 2018 • Vol. 5 (1) reference standard: the measurement of tumor unidimensional size per RECIST criteria, which was one of the 89 delta features studied in this paper and not picked up in Table 1 . This basic imaging feature has been a key metric for the management of patients with NSCLC. As a matter of fact, tumor unidimensional size is integral for T-staging, predicting patient outcome, and is the reference standard for response evaluation criteria (e.g., RECIST is defined by the change in unidimensional size of Fig. 3 (a) -(c) Measurement of the mean intensity (baseline, follow-up, and delta) by three radiologists. We see a significant bias among radiologists: R1 tended to draw a smaller volume than R2 and R3 and restricted the contours to the most dense part of the tumor. Consequently, the differences among observers were more important in tumors with low-density and high-GGO component. However, the delta intensity mean was not significantly different since the same bias was observed at baseline and follow-up.
Journal of Medical Imaging 011005-6 Jan-Mar 2018 • Vol. 5 (1) target lesions). Nonetheless, the optimal measurement of this apparently simple metric-the primary tumor size-remains an area of active investigation since the measurement of a tumor with both solid and GGO components can sometimes be made arbitrarily in regards to what constitutes tumor versus normal reactive lung tissue. Follow-up measurements should not be biased by interobserver variability, and it is important that decisions be kept consistent along all scans and time points. Therefore, ensuring reproducible tumor measurements across the treatment sequence is essential.
Radiomic delta-features can be used as potential imaging biomarkers to make an early prediction of the gene mutational status of patients and its response to targeted molecular therapies. However, tumor delineation produced differences in predicting EGFR mutations and warrants further investigation.
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